Abstract-Liquid level control is important for ensuring energy and material balance in many installations but it also difficult as the plant is nonlinear, inertial and with model uncertainties. Fuzzy logic controllers (FLCs) are successfully applied to ensure system stability and robustness by simple means and a model-free design. This paper suggests a procedure for off-line tuning of the many FLC parameters based on optimization of a suggested multi-objective function defined on several system performance indices using genetic algorithms (GAs). First, a model-free FLC is empirically tuned, then applied for real time control of the plant and the necessary data recorded and used to GA parameter optimize a TSK plant model of an accepted structure. The validated on different set of experimental data model is employed in FLC closed loop system simulation experiments to evaluate the fitness function in the GA optimization of the FLC pre-processing and postprocessing parameters. The procedure is applied for the real time PI/PID FLC level control in a laboratory-scale tank system. The improvement of the system performance indices due to the GA optimization is estimated in level real time control.
I. INTRODUCTION AND RELATED WORK
Liquid level control is important for ensuring energy and material balance in most installations such as boilers, evaporators, reactors, distillation columns, etc. [1] [2] [3] . The plant is nonlinear, inertial and with model uncertainty. Fuzzy logic controllers (FLCs) are successfully applied to guarantee system stability, good performance and robustness for different operation points and disturbances. They are favoured also for their simple structure and design, based only on expert information about the plant [4] . A FLC for level control by changing the pump flow rate on the basis of a Takagi-Sugeno-Kang (TSK) dynamic plant model and the principle of parallel distributed compensation (PDC) of the local linear plants is designed in [5] . In [6] [7] [8] [9] [10] various FLCs for level control are developed using two (system error and rate of error) or three (level, flow rate and pressure) input variables and one (valve opening) or three (valve opening, fuel and steam flow rate) output variables.
The great number of FLC's parameters -scaling factors (ScFs), number, type and parameters of the membership functions (MFs), rule base, parameters of the pre-and post-processing, etc. are empirically tuned. In order to put the FLC tuning on objective grounds a multiobjective nonlinear optimization technique is often applied optimizing various system performance and energy efficiency indices under a constrained control. The optimization procedure is usually carried out off-line not to interfere in the real time plant control and is based on existing analytical or simulation nonlinear plant model.
There is a variety of optimization methodsderivative-based or derivative-free, stochastic or deterministic. The genetic algorithms (GAs) as a derivative-free, stochastic and parallel search technique for multi-objective global optimization of a nonanalytically and often experimentally defined multimodal nonlinear function of many variables (parameters) with or without constraints are considered suitable for FLC tuning [11] . The GA optimization is difficult to apply on-line as it interferes the plant operation, is slowa great number of experiments are required, is inaccurate because of the many disturbances from the industrial environment, and is restricted by the system stability and parameter and signal constraints. The off-line GA optimization is based on an accurate plant model, an accepted fitness function and a representative sample of experiments/simulations used for its evaluation.
There are various applications of GAs for tuning of level controllers. Linear PID for level control is GA tuned in coupled tanks in [12] where the improvement of the performance of the PID control system compared to the ordinary tuned PID system is shown in simulations. In [13] the PID level controller is on-line GA optimized during the real time control which results in many trial experiments and limitations related with ensuring of system stability which points out the advantages of an off-line GA optimization. GA is used in [9] for reduction of the number of rules in the design of a FLC for the level control in a boiler. Simulations and a comparison with a linear PID controlled system prove a decrease of overshoot  and settling time t s . GA tuning of 39 parameters -the bounds for the MFs and the singletons in the fuzzy rules conclusions of a FLC for the control of the liquid level in a tank is suggested and tested in real time control in [14] closed loop FLC system t s and  has been proven. In [15] GAs are applied to off-line tune a neuro-fuzzy controller for a laboratory-scale coupled-tank liquid-level real time control using a linear plant model identification. A PID-FLC has been designed in [16] reducing the number of rules and optimizing the parameters of the MFs by GA technique with several fitness functions and combinations of them. Simulations show decreased t s and  of the system response and also smooth control and reduction of energy consumption when compared to linear PID system or PID-FLC system designed empirically. In [17] FLC with GA optimized MFs widths and ScFs is applied to both -water/steam temperature and water level control in a fire tube boiler and the system performance improved compared with the FLC system. In [18] the merits of a FLC with respect to a conventional controller are outlined in maintaining a desired cane level in chute during juice extraction at different references. The common drawbacks of these FLC-GA based approaches to level control can be summarized as follows:
-the plant model used in the off-line GA optimization of the FLC is either a simple linear model, derived via identification in a single operation point, or analytically derived, or an existing TSK model, or difficult to derive (a complicated ANN which is trained and validated from long and hard for the plant experiments);
-the restrictions related to preservation of system stability in the on-line GA optimization of the FLC in real time control lead to an inaccurate tuning and a long experimentation during which the system performance is worsen;
-the performance improvement of the designed FLC-GA system is demonstrated mainly in simulations, a more realistic approach is to use a pilot plant and real time control in an environment more close to the industrial; -a great number of parameters is optimized instead of selecting a few most effective; -improper fitness functions are selected (some integral system performance measure such as integral time squared error -ITSE, deviation from designed trajectory, etc.) which are complex, depend on the experiments sample and do not take advantage of the GAs facilities for a multi-objective optimization by combining different requirements [14] .
The aim of the present work is to develop a procedure for off-line GA optimization of the parameters of the preand post-processing of a model-free PI/PID-FLC on the basis of real time level control data and a suggested multi-objective fitness function and to compare the performances of the closed loop systems in real time control of FLC systems with empirical and GA optimized FLC tuning. The PI/PID-FLC is with a widely spread structure of a fuzzy unit (FU) with normalized inputsthe system error e and derivative-of-error e  , and an output -the rate of control du, and the post-processing is integral for a PI-FLC and proportional-plus-integral (PI) for a PID-FLC respectively.
The plant is a laboratory-scale tank level control system equipped with industrial measuring transducers and actuators and a MATLAB TM real time controller. The novelty concludes in the use of a TSK plant model in the off-line GA optimization of the FLC, derived via GA parameter optimization of an accepted structure using experimental data from the real time level control with an empirically designed model-free FLC. The suggested objective (fitness) functions in the TSK plant modeling and the FLC tuning are related to the high accuracy of the TSK plant model and the desired performance of the FLC closed loop system which combines several performance measures respectively. The design, the simulation and the real time investigations are based on MATLAB TM [19, 20] .
The paper is organized in the following manner. In Chapter 2 the previous related investigations and the problem formulation are presented. A TSK plant model is derived in Chapter 3 via GA optimization using experimental data from closed loop level control in real time with empirically tuned PI/PID-FLC. The procedure for off-line GA optimization of the FLC tuning parameters based on a suggested multi-objective fitness function and simulation investigations of the closed loop system with the derived TSK plant model is explained in Chapter 4. In Chapter 5 the results from the real time level control with the empirically and the GA tuned FLCs are described and discussed. Chapter 6 summarizes the main contributions and outlines the future research.
II. PREVIOUS INVESTIGATIONS AND PROBLEM FORMULATION
The system to be designed consists of a PI/PID-FLC, built on a two-input FU with normalized inputs e and e  and output du and pre-and post-processing, and a nonlinear plant. The PI/PID-FLC parameters q PI/PID-FLC to be GA optimized include: 1) the ScFs for normalization of the error K e and the derivative of error K de and for denormalization of the derivative of the control K du ; 2) the parameters of the commonly used first order differentiator for computing of e  with transfer function 
The present work is based on the developed design procedures for off-line GA tuning of linear controllers [21] and local linear controllers in a PDC used with a FL supervisor (FLS) [22] applied for temperature real time control. There it is established in real time control that the effect of GA optimization of the main linear controller is equivalent to using of an on-line FL supervisor. The two techniques complement when the FLS is built on different system performance measures from the used in the GA optimization fitness function, e.g. the settling time t s and the overshoot  are reduced due to GA optimization of the main controller and the control effort u is reduced due to the connecting of the GA optimized In this investigation the GA tuning of the PI/PID-FLC pre-and post-processing parameters is based on the same fitness function, suggested in [23] :
The necessary for the off-line GA PI/PID-FLC tuning nonlinear plant model that is used to simulate the closed loop system responses to step references and disturbances with various magnitudes and frequencies in order to compute (1) for the current PI/PID-FLC parameters (chromosome), is the suggested in [19] TSK plant model. It is comprises a Sugeno model and parallel suitable linear dynamic models to represent the local linear models dynamics. The novelty in the present approach is: 1) the GA optimization of the TSK plant model parameters of both the dynamic models and the Gaussian membership functions of the Sugeno model using the same fitness function -the integral square relative error between real plant output y and TSK model output y TSK ; 2) the data sample for the plant output and input are recorded from the plant real time control in a closed loop system by an empirically tuned model-free PI/PID-FLC, so that these data contain rich in magnitudes and frequencies signals from the real time operation range necessary for modeling a nonlinear plant; 3) the less rich and proper data from a restricted identification are used for validation of the derived TSK plant model; 4) the designed system performance improvement in sense of reduced settling time, overshoot and control effort and increased system robustness and control smoothness is assessed in real time control on a pilot plant in environment close to the industrial via comparison of the GA optimized FLC system and the empirically tuned FLC system.
The main problems to be solved in the present investigation are:
1. Derivation of a TSK plant model via GA optimization of the parameters of an accepted structureMFs and dynamic models parameters, and model validation using data from level real time control on the basis of empirically designed model-free PI/PI-FLC.
2. GA optimization of the parameters of the pre-and post-processing of the PI/PID-FLC using the multiobjective fitness function (1) and simulations of the level control system with the derived TSK plant model.
3. Real time control of level with GA optimized and with empirically tuned PI/PID-FLC and estimation of improvements by comparison of the two control systems performances -settling time, overshoot, control effort and smoothness, system robustness, etc.
III. TSK PLANT MODELING
The laboratory-scale pilot plant, in which the level H of liquid is to be controlled by the flow rate of a pump via a controller, embedded on a computer in a Simulink model, is shown in Fig. 1 . A model-free PI-FLC is empirically designed on the basis of standard MFs and rules and the ranges of the error, the derivative of error and the control. The designed closed loop system is shown in Fig. 2 , where the PI-FLC parameters are
The necessary data for the TSK plant modeling is the plant output y e (H e ), recorded in the real time control of level with the designed PI-FLC for typical step changes of the closed loop system reference y r (H r ). The TSK plant model accepted is shown in Fig. 3 and is based on the structure, suggested in [21] . It assumes that the plant in the closed loop system operates in three overlapping linear domains for all possible reference changes and disturbances and the dynamics of the local linear plants can be represented by a series connection of two time-lags, the second is common for the three parallel channels, unlike the dynamic models in [21] . 
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B_sigma B_mean] are to be GA optimized via minimization of the integral squared relative error as a fitness function:
where E(t)=y TSK (t)-y e (t) is the relative error, defined as the difference between the outputs of two closed loop systems -y TSK (t) from the simulated with the TSK plant model, and y e (t) from the real time control of the real world plant. Both systems have the same empirically tuned PI-FLC and are subjected to the same step reference changes. Unlike [21] the experimental data y e (t) used in computing of (2) is recorded from the real time control of the plant in a closed loop system with empirically designed PI-FLC and step-wise changing references with random magnitudes and duration, covering the whole range of the input signals, in order the TSK plant model to learn the real plant nonlinearity while in [21] y e (t) are the real plant responses from plant identification to more restricted in character step input u(t). If more realistic random input is used, it can still be far from the plant input in real time control in a closed loop system. Besides, such experiments take a long time.
The ready TSK plant model is validated by comparing its response to the real plant response in identification with input signals, different from the used in TSK plant modeling. The real plant and the TSK plant model step responses to the given plant input signals are very close as seen in Fig. 4 , where also the TSK plant model optimal parameters are presented. Then the Sugeno model of the validated TSK plant model is completed in a Simulink Fuzzy Logic Controller block as shown in Fig. 5 to make the model compact and convenient for use. Further this compact and precise TSK plant model is implemented in the Simulink simulation model of the closed loop system employed in the GA optimization of the FLC parameters.
IV. PROCEDURE FOR OFF-LINE GA OPTIMIZATION OF FLC PARAMETERS
The simulation model of the closed loop system is shown in Fig. 6 . It consists of the TSK plant model, controlled by the PI/PID-FLC which parameters have to be off-line GA optimized. For PI/PID-FLC tuning parameters are selected the parameters q PI/PID-FLC of the pre-and post-processing ScFs and dynamic components, since their tuning enables by simple means effective shaping of the control surface, equivalent to the more sophisticated techniques of tuning of rules and MFs [24] . The fitness function is (1) . The GA optimization is carried out using MATLAB TM genetic algorithms [20] . The procedure concludes in the following steps.
1. Input data -number of generations G, size of population N in a generation, fitness function, initial upper and lower bound for the tuning parameters taken from the empirical tuning of the FLC, end condition (reached number of generations G or minimal value of the fitness function), selection method, crossover rate and method, mutation rate and method 2. Generation of a random initial population of individuals (chromosomes), each chromosome presenting an ordered array of coded tuning parameters.
3. Running of simulations of the closed loop system model for all individuals -PI/PID-FLC tuning parameters, and recording the necessary data used to evaluate the fitness function.
4. Evaluation of the fitness of each individual and ranking of individuals with respect to their fitness value.
5. Check for met end conditions. If -Yes‖ -the optimal parameters of the PI/PID FLC are found and the procedure terminates, else -step 6. 7. a. Crossover over selected parents with a probability equal to the crossover rate. Basic crossover methods are single point -an exchange of genes (a gene is a bit or a parameter) between parents after a given single point (location), multipoint, uniform, scattered. 7. b. Mutation with a probability equal to the mutation rate. Basic mutation methods are Gaussian (Gaussian selection of the bit to be changed), uniform, adaptive feasible (in one or more bits). stability and safety reasons. The simulation can consider various inputs -references changes and disturbances with different magnitude and frequency that cover the realistic industrial environment impact range. However, a reliable plant model is required for the whole range of operation conditions, which can be obtained on the basis of intelligent approaches and experimental data.
The procedure is applied for the off-line GA optimization of the parameters
of the PI-FLC for level control, using Fig. 6 with the developed compact TSK plant model from Fig. 5 . The input data are the parameters of the GA -population size N=20, number of generations G=20, elite -2, crossover rate -0.8 and method -single point, mutation operatoradapt feasible, fitness scaling -rank based, selectionroulette wheel, binary coding. The optimal PI-FLC parameters computed are:
V. REAL TIME CONTROL OF LEVEL AND SYSTEMS PERFORMANCE ASSESSMENT
The real time level control is performed using the experimental setup, depicted in Fig. 1 , on which the closed loop system in Fig. 2 for PI-FLC with the optimal parameters q PI-FLC opt is completed. The Simulink model of the control algorithm is shown in Fig. 7 . A number of reference step responses in real time control are studied in two systems -with the GA optimized (Fig. 7) and with the empirical tuned PI-FLC - The performance is estimated by the settling time t s , the overshoot , the control action maximum U max and smoothness (magnitude A of the control oscillations) as measures for the control effort and the energy efficiencycontrol oscillations especially with big magnitude A mean low energy efficiency. The reference changes are typical stepwise from different operation points, covering the range of operation of the plant. This allows assessing both the system robustness, expressed as preservation of the system performance indices in different operation points despite the different plant model parameters there, and the impact of the system nonlinearity on the system performance.
The level step responses of the two systems -H emp with the empirically tuned and H GA with the GA tuned PI-FLC, from real time control and simulations are overlaid to ease comparison and depicted in Fig. 8 . In Fig. 9 the corresponding control actions are presented.
The performance indices of the systems with GA-tuned and empirically-tuned PI-FLC, estimated from real time control and simulations, are presented in Table 1 . The system robustness is assessed by the introduced -Robustness index‖, evaluated from the real time control by the greatest relative deviation of the current performance index value |P-P min |/P max from the smallest possible value P min (the desired performance value) with respect to the maximal value P max (the worst index) achieved in both systems with and without GA optimization of the PI-FLC. The comparison of the systems performance indices shows: -performance indices of simulated and real time step responses are relatively close for each of the systems which confirms the precision of the derived TSK plant model and of the derived on its basis GA optimized PI-FLC parameters -in real time control the GA-tuned system outperforms the empirically tuned system reducing: 1) the overshoot to zero for the first two references and twice for the third reference; 2) the total settling time 1.3 times; 3) the total control effort estimated by Umax -1.33 times; 4) the magnitude of control oscillations -2.6 times -in real time control the GA-tuned system has for each performance index P a smaller robustness indexdeviation from achieved desired index P min with respect to its achieved maximal value P max (the worst index for both systems), than the robustness index of the empirically tuned system. This determines the FLC GAoptimization as a tool for making the system more robust -with reference responses less sensitive to the changes of the nonlinear plant parameters in the different operation points, defined by H r .
VI. CONCLUSION AND FUTURE WORK
The main results of the present research conclude in the following.
1. An easy for engineering applications procedure for off-line GA optimization of the parameters of the preand post-processing of a model-free FLC is suggested. It is demonstrated for the parameter tuning of a PI/PID-FLC with a widely spread structure of a fuzzy unit with normalized inputs -the system error e and derivative-oferror e  , and an output -the rate of control du, where the post-processing is integral for PI-FLC and proportionalplus-integral for PID-FLC respectively. The procedure is based on real time control data from initially empirically designed FLC system, a derived TSK plant model and a suggested multi-objective fitness function, defined on system performance and energy efficiency measures and computed via system simulation.
2. A TSK plant model of an accepted modified structure, consisting of a Sugeno zero order model and parallel branches of dynamic elements, is GA parameter optimized using real plant input-output data from its real time control by an empirically designed FLC in a closed loop system for different references. The TKS plant model is validated on real plant identification data, different from the used in modeling.
3. The developed GA optimization procedure is applied for the real time control in MATLAB TM of the liquid level in a laboratory-scale pilot tank, equipped with industrial actuator (pump, amplifier) and measuring transducer (pressure difference level transducer and transmitter), in an environment close to the industrial.
The compared performances of the closed loop systems with the empirically tuned FLC and the GA optimized FLC show that GA optimization leads to a significant reduction of settling time, overshoot, control effort and smoothness and contributes to the increase of system energy efficiency and robustness.
Future work will focus on GA optimization of a FLC for the real time control of a multivariable plant -the levels in a coupled-tank laboratory system.
